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a b s t r a c t

TMEFF2 is a single-transmembrane protein containing one EGF-like and two follistatin-like domains.
Some studies implicated TMEFF2 as a tumor suppressor for prostate and other cancers, whereas others
reported TMEFF2 functioning as a growth factor for neurons and other cells. To gain insights into the
apparently conflicting roles of TMEFF2, we generated a null allele of Tmeff2 gene by replacing its first cod-
ing exon with human placental alkaline phosphatase cDNA (Tmeff2PLAP). Tmeff2PLAP/PLAP homozygous
mutant mice are born normal, but show growth retardation and die around weaning age. Tmeff2 is widely
expressed in the nervous system, and the Tmeff2PLAP knock-in allele enables the visualization of neuronal
innervations of skin and internal organs with a simple alkaline phosphatase staining. Tmeff2 is also highly
expressed in prostate gland and white adipose tissues (WAT). However, with the exception of reduced
WAT mass, extensive anatomical and molecular analyses failed to detect any structural or molecular
abnormalities in the brain, the spinal cord, the enteric nervous system, or the prostate in the Tmeff2
mutants. No tumors were found in Tmeff2-mutant mice. The Tmeff2PLAP/PLAP knock-in mouse is an useful
tool for studying the in vivo biological functions of TMEFF2.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Tmeff2 gene encodes a protein with one epidermal growth fac-
tor (EGF) like domain, two follistatin-like domains, a single trans-
membrane domain, and a short cytoplasmic tail (also known as
tomoregulin, TPEF and HPP1) [1–5]. Previous studies had reported
conflicting functions of TMEFF2. Soluble form of TMEFF2 extracel-
lular domain was shown to promote the survival of dopaminergic
neurons [3] and cell growth in culture [6]. Consistent with the pro-
survival role, elevated TMEFF2 expression has been associated with
androgen-independent prostate cancers [5,7,8]. In contrast, others
reported that TMEFF2 exhibited anti-proliferative effects on andro-
gen-independent prostate cancer cell lines [9]. Furthermore, the
promoter-region of TMEFF2 gene was frequently found to be
hypermethylated in many cancers, suggesting a possible role of
TMEFF2 as a tumor suppressor [2,9–17]. Additionally, the tumor
suppressor activity of TMEFF2 was shown to depend on its cyto-
plasmic tail interacting with sarcosine dehydrogenase [18]. To gain
insight into the in vivo physiological function of TMEFF2, we gen-
erated a null allele of Tmeff2 gene by replacing the first coding exon
of Tmeff2 with cDNA encoding the human placental alkaline phos-
phatase (hPLAP). Here we report the results of anatomical and
molecular characterizations of the Tmeff2-KO mice.
ll rights reserved.
2. Materials and methods

2.1. Generation of Tmeff2PLAP knock-in mouse

The Tmeff2 genomic clone was subcloned using long-range PCR
from genomic DNA of embryonic stem (ES) cells followed by
sequencing. We constructed the targeting vector by inserting the
hPLAP–ACN cassette [19] into the translation start ATG of the
Tmeff2 gene, and at the same time deleting the rest of exon 1. Tar-
geted ES cells were generated and confirmed by Southern blotting.
To detect the Tmeff2PLAP mutant allele by PCR, PCR primers were
designed as follows: TMF2–PLAP-F1, 50-TCATGCTCTCCTTTGGT-
CGCAG-30, TMF2–PLAP-B1, 50-AAACATCTATGGTTCCCCACACC-30,
TMF2–PLAP-B2, 50-GAGCCTCATTACCTGGGATGATG-30. The wild-
type allele produces a 537 bp fragment with TMF2–PLAP-F1 and
TMF2–PLAP-B1 primers, whereas the mutant allele results in a
272 bp fragment with TMF2–PLAP-F1 and TMF2–PLAP-B2 primers.
All experiments were conducted according procedures approved
by The Duke University Institutional Animal Care and Use
Committee.
2.2. Alkaline phosphatase staining for PLAP activity

AP-staining (PLAP-staining) was performed according to stan-
dard methods [19]. Briefly, the sections were inactivated at 65 �C
for 6 h in PBS, and developed in staining solution (1:50 NBT/BCIP
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Fig. 1. Generating Tmeff2PLAP knock-in allele and Tmeff2-KO mice. (A) Schematic representation of the targeting vector and strategy. cDNA encoding hPLAP together with the
ACN (neo) cassette were used to replace start codon ATG and the rest of exon 1 of the Tmeff2 gene. Exons are represented as white boxes. The negative selection thymidine
kinase cassette is designated as TK. Arrows indicate the position of primers used for PCR genotyping analysis. (B) Southern blot analysis of the genomic DNA from wildtype
and targeted embryonic stem cells. (C) PCR analysis of the genotypes. (D) Compared to heterozygous littermate, Tmeff2-KO mice are smaller in size. (E) Representative images
of Tmeff2 in situ hybridization results showing the expression of Tmeff2 in dorsal root ganglion (DRG) in control embryo, and the lack of in situ signal in mutant embryo. Scale
bar: 100 lm. (F) The growth curve of Tmeff2PLAP/+ (control) and Tmeff2-KO (mutant) mice (averaged from n > 4 for each genotype at each age).
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stock solution (Roche), 0.1 M Tris–HCl, pH 9.5, 0.1 M NaCl, 5 mM
MgCl2).
2.3. In situ hybridization

The cDNA fragments used for in situ hybridization against cho-
line acetyltransferase (ChAT), tyrosine hydroxylase (TH), vesicular
glutamate transporter 1 (VGluT1), vesicular glutamate transporter
2 (VGluT2), glutamate decarboxylase 1 (GAD1), glutamate decar-
boxylase 2 (GAD2), parvalbumin (Pv), somatostatin (SST), transient
receptor potential cation channel subfamily V member 1 (TrpV1),
tachykinin 1 (Tac1), and neuronal nitric oxide synthase (Nos1)
were individually cloned by PCR. In situ hybridization using DIG la-
beled probes was performed according to standard methods, and
alkaline phosphatase (AP) conjugated anti-DIG antibody (Roche)
was used to detect DIG.
2.4. Immunostaining

Standard immunofluorescence procedure was used. The follow-
ing antibodies were used: anti-CGRP (calcitonin gene-related pep-
tide) (1:2000; Millipore Bioscience Research Reagents/Invitrogen),
anti-PGP9.5 (1:800; UltraClone), and Alexa 488-labeled anti-rabbit
IgG (1:400; Invitrogen).
2.5. Oil red staining

Tissue sections were collected with a cryostat at 20 lm thick-
ness. Sections or cultured cells were washed with PBS and fixed
with PFA/PBS at room temperature for 20–30 min. Oil Red solution
(60% oil red isopropanol (Electron Microscopy Sciences) and 40%
dH20) was used to stain the sections and cells for 20 min, followed
by washing in PBS for three times.

2.6. In vitro differentiation of MEFs into adipocytes

Mouse embryonic fibroblasts (MEFs) were isolated from E13.5
embryos and cultured according to standard methods. In vitro
induction of adipocyte differentiation was performed following a
previous described method [20]. Briefly, MEFs were first cultured
till complete confluence and maintained for additional 48 h. After-
ward, the culture medium was replaced with induction medium
(DMEM, 10% FBS, 1% NEAA, 1% Pep/Strep, 1% glutamine, 5 lg/ml
insulin, 1 lM dexamethasone, 0.5 mM IBMX (3-isobutyl-1-methyl-
xanthine), and 10 lM troglitazone) for 48 h. After induction, the
cultures were placed in maintenance medium (DMEM, 10% FBS,
1% NEAA, 1% Pep/Strep, 1% glutamine, 5 lg/ml insulin, 1 lM dexa-
methasone, 0.5 mM IBMX (3-isobutyl-1-methylxanthine) and con-
tinued culture for 6–10 days. Oil Red staining was used to visualize
the induced adipocytes.



Fig. 2. Tmeff2-KO mice have structurally normal central, peripheral and enteric
nervous system as revealed by AP-staining. (A) Representative sagittal sections of
the head from Tmeff2PLAP/+ (+/�) and Tmeff2-KO (�/�) embryos (E12.5) stained for
PLAP activity. (B) Representative coronal sections of brains from P15 control (+/�)
and Tmeff2-KO (�/�) mice stained for PLAP activity showing similar staining
patterns. (C) Representative coronal sections of spinal cord from control (+/�) and
Tmeff2-KO (�/�) mice showing Tmeff2 expression in spinal cord, dorsal root
ganglion (arrows), and sympathetic ganglion (arrowheads). No difference in
staining patterns was observed between control and mutant mice. (D) Represen-
tative coronal sections of whiskers from control (+/�) and Tmeff2-KO (�/�) mice
stained for PLAP activity showing similar innervation patterns. (E) Representative
images of PLAP-stained stomach sections from heterozygous control (+/�) and
Tmeff2-KO (�/�) mice. (F) Representative images of PLAP-stained intestinal
sections from control (+/�) and Tmeff2-KO (�/�) mice. Upper panels, large
intestines; lower panels, small intestines. Scale bars: A, B 200 lm. C, D, E, F 100 lm.
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3. Results

3.1. Generating a knock-in mouse line deficient for Tmeff2

Human placental alkaline phosphatase (hPLAP) cDNA was used
to replace the first coding exon of Tmeff2 gene (Fig. 1A). hPLAP pro-
tein is an heat-insensitive enzyme that localizes to the cell surface
membrane through an GPI anchor [21]. The wildtype and mutant
Tmeff2 alleles were detected by Southern blot (Fig. 1B) or PCR
(Fig. 1C). In situ hybridization with a probe against the coding se-
quences of Tmeff2 showed that the mRNA was not expressed in the
homozygous mutant (representative images shown in Fig. 1E), thus
the PLAP knock-in allele is a null allele of Tmeff2. Homozygous
Tmeff2PLAP/PLAP (Tmeff2-KO) animals were born normal with a Men-
delian ratio, but failed to gain weight properly, and they appeared
smaller in size when compared with heterozygous or wildtype lit-
termates during postnatal development (Fig. 1D and F). All Tmeff2-
KO died around weaning age (about 3 weeks old). We did not find
any tumors in all mutant mice examined. Due to extensive litera-
tures regarding TMEFF2 and prostate cancers [5,7,8], we further
specifically checked the prostate and found that Tmeff2 is indeed
expressed in mouse prostate gland cells, and the histology of the
prostate gland appeared normal in Tmeff2-KO mice (Supplemen-
tary Fig. S1). We also did not observe any spontaneous tumors in
aged Tmeff2+/� heterozygous mice (n = 8, 15 months old).

3.2. Tmeff2-KO mice have structurally normal central, peripheral and
enteric nervous systems

Since Tmeff2 is known to be widely expressed in the central and
peripheral nervous system (CNS and PNS) [3,22,23] (Allen brain at-
las: http://mouse.brain-map.org/experiment/show/68545563), we
asked whether the growth retardation phenotype resulted from
developmental defects of the nervous system. Taking advantage
of the hPLAP knock-in allele, we performed AP staining on sections
from heterozygous Tmeff2PLAP/+ and Tmeff2-KO mice. Sections of
embryonic day 12.5 (E12.5) brains showed that Tmeff2 is expressed
throughout the nervous system, and some regions showed stron-
ger expression levels than others (Fig. 2A). Serial sections followed
by AP-staining through the postnatal mice did not detect any
structural abnormalities of the brain or the spinal cord in
Tmeff2-KO mice (Fig. 2B–C). Furthermore, PLAP-labeled axons
showed normal projections and innervations of peripheral skin tis-
sues (representative images shown in Fig. 2D).

It was previously shown that Tmeff2 is also expressed by enteric
neurons of the gastrointestinal (GI) track [23], and thus we asked
whether the growth defects could be due to abnormal develop-
ment of enteric neurons. AP staining in heterozygous Tmeff2PLAP/+

and homozygous Tmeff2-KO mice confirmed expression of Tmeff2
in neurons of the GI-track (Fig. 2E–F). Importantly, AP staining
and anti-PGP9.5 (a neuronal marker) immunofluorescence on sec-
tions of stomach and intestines did not reveal any significant dif-
ferences in the neuronal innervation patterns between control
and mutant mice (Fig. 2E–F, Supplementary Fig. S2E), and the mor-
phology of the GI-track was also normal in Tmeff2-KO mice (Sup-
plementary Fig. S2F).

3.3. Neuronal differentiation is normal in Tmeff2-KO mice

We next asked whether the gross neuronal differentiation was
affected by Tmeff2-null mutation. We examined the expressions
of a battery of molecular markers using in situ hybridization
(ISH) experiments. Representative images of the ISH are shown
in Fig. 3. The expression patterns of choline acetyltransferase
(ChAT, a marker for cholinergic neurons including motor neurons),
tyrosine hydroxylase (TH, a marker for dopaminergic neurons),
vesicular glutamate transporter 1 and 2 (VGluT1, vGluT2, markers
for glutamatergic neurons), glutamate decarboxylase 1 and 2
(GAD1, GAD2, markers for GABAergic neurons), as well as parval-
bumin (Pv) and somatostatin (SST), markers for subtypes of inter-
neurons, were all indistinguishable between heterozygous and
Tmeff2-KO brains and spinal cords (Fig. 3, Supplementary
Fig. S2A). We also examined the expression of multiple markers
(ChAT, TH, Tachykinin 1, TrpV1, and CGRP) in peripheral sensory
and sympathetic neurons in mutant and control mice, and they
all appeared normal (Supplementary Fig. S2A–J).

For enteric neurons, it was known that RET receptor tyrosine ki-
nase plays an essential role for their development [24–26]. In situ
hybridization demonstrated that Ret gene was normally expressed
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Fig. 3. Neuronal differentiations are grossly normal in Tmeff2-KO mice. (A–H) Representative brain images of in situ hybridization results using probes against ChAT, TH,
VGluT1, VGluT2, GAD1, GAD2, Parv or SST are shown here. X, vagus nuclei; XII, hypoglossal nuclei; SNc, substantia nigra; Cx, cortex; Hp, hippocampus; Tha, thalamus; Mb,
midbrain; Ce, cerebellum; Hb, hindbrain; Sc, superior colliculus. (I,J). Representative images of RET (I) or Nos1 (J) in situ hybridization results on sections of stomachs from
control (+/�) and Tmeff2-KO (�/�) mice. (K,L). Representative images of RET (K) or Nos1 (L) in situ hybridization results on sections of intestines from control (+/-) and
Tmeff2-KO (�/�) mice. Scale bars: 100 lm.

Fig. 4. Tmeff2-KO mice have reduced WAT mass but TMEFF2 deficiency does not affect in vitro adipocyte differentiation. (A) Representative images showing peri-gonadal
white adipose tissues (WAT) in control heterozygous (+/�) and Tmeff2-KO (�/�) mice. Tmeff2-KO mice contain almost no visible WAT at the age of P21 (dying animals). (B)
Sections of subcutaneous WAT and neighboring tissues stained with Oil Red showing residual amount of WAT in Tmeff2-KO animals at age P18 (upper panels). AP-staining on
sections of dissected WAT from control (+/�) and Tmeff2-KO (�/�) animals (age = P10) showing Tmeff2 expression in adipocytes (lower panels). Scale bars: 100 lm. (C) Low
level spontaneous expression of Tmeff2 is revealed by PLAP staining during regular cultures of MEFs isolated from heterozygous (+/�) and Tmeff2-KO (�/�) mice. (D) During
in vitro induction of MEFs differentiation into adipocytes, Tmeff2 expression is drastically increased as revealed by PLAP staining. (E) Tmeff2-KO (�/�) MEFs are equally
competent as heterozygous (+/�) MEFs to differentiate into adipocytes upon induction as revealed by Oil Red staining.
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in neurons of the GI-tract in TMEFF2-KO mice (Fig. 3I and Fig. 3K).
Other markers such as Nitric Oxide Synthase (NOS1) and ChAT also
showed no apparent differences in expression patterns between
control and mutant mice (Fig. 3J, Fig. 3L and data not shown).
These findings suggest that TMEFF2 do not play a major role in
the differentiation and/or patterning of the CNS, PNS and enteric
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nervous system despite its wide expression in neurons. The growth
retardation and lethality phenotype may result from functional de-
fects of neurons that we could not address at present using the
anatomical and molecular analyses.

3.4. Tmeff2 is expressed in white adipose tissues (WAT) and Tmeff2-KO
mice have reduced WAT mass

We also found that Tmeff2-KO mice had much less white adi-
pose tissue (WAT) mass throughout the body compared to hetero-
zygous or wildtype controls by both visual examination and Oil
Red staining (representative images are shown in Fig. 4A–B), espe-
cially in dying animals (between 2–3 weeks of age). The loss of
WAT was unlikely a result of liver or pancreas dysfunction, since
H&E staining showed that the mutant mice had normal histology
of the pancreas and the liver, and AP staining further showed that
Tmeff2 was not expressed by liver or pancreatic cells (only in nerve
fibers innervating these organs or the blood vessels) (Supplemen-
tary Fig. S3A–H). On the other hand, AP-staining showed that
Tmeff2 itself is expressed strongly in WAT (Fig. 4B, lower panels).
This observation promoted us to examine whether TMEFF2 is re-
quired for adipocyte differentiation.

3.5. In vitro adipocyte differentiation is not affected by TMEFF2
deficiency

We isolated and culture mouse embryonic fibroblasts (MEFs)
from wildtype, heterozygous Tmeff2PLAP/+ and homozygous
Tmeff2PLAP/PLAP mutant embryos. We then induced MEFs to differen-
tiate into adipose cells by activating the classic peroxisome
proliferator-activated receptor–gamma (PPARc) and insulin signal-
ing pathway [27–30]. AP-staining showed that small number of
MEFs spontaneously expressed Tmeff2 before the induction
(Fig. 4C), and that the expression of Tmeff2 was dramatically
up-regulated by the adipocyte induction procedure (Fig. 4D),
consistent with the fact that Tmeff2 is expressed in WAT. Six days
after induction, MEFs started to differentiate into adipocytes. Ten
days post-induction, maximal numbers of adipocytes were reached
as revealed by Oil Red staining (Fig. 4E). However, no obvious
differences in adipocytes differentiation were observed among
MEFs of different genotypes. Thus, TMEFF2 deficiency does not
affect the classic PPARc/insulin activated adipogenesis pathway.
The reduced WAT mass in vivo in Tmeff2-KO mice could be a
secondary effect of the overall growth defects.
4. Discussion

Tmeff2 is widely expressed by neurons of both CNS and PNS.
The Tmeff2PLAP knock-in allele is a very useful tool for visualizing
neuronal innervation of peripheral tissues and internal organs
since PLAP is transported to the axons and can be detected by a
simple alkaline phosphatase staining. Previously, TMEFF2 was
shown to be a growth factor in vitro for dopaminergic neurons
[3]. However, we found that in vivo, it is not required for the proper
specification and development of these neurons (Fig. 3B). Our
extensive anatomical and molecular analyses did not uncover
any obvious abnormalities in the central, peripheral or enteric ner-
vous system. We do not yet know what caused the growth retarda-
tion and lethality of the Tmeff2-KO mice. It may be that functions
of certain neurons were compromised due to TMEFF2 deficiency,
an issue that requires further extensive functional studies to
resolve.

We also found that TMEFF2 is highly express in white adipose
tissue (WAT) and Tmeff2-KO mice have reduced WAT mass. How-
ever, in vitro, mouse embryonic fibroblasts (MEFs) isolated from
Tmeff2-KO embryos are competent to differentiate into adipocytes
when induced by the activated PPARc and insulin pathway
(Fig. 4C–E), and thus TMEFF2 is not necessary for adipocyte differ-
entiation. The reduced WAT mass phenotype is likely a secondary
effect of the overall growth defects. On the other hand, it was re-
cently shown that the extracellular domain of TMEFF2 can bind
to PDGF–AA and block PDGF–AA induced fibroblast proliferation
[31]. Since PDGF is a well-known anti-adipogenic factor [32–35],
we could not completely rule out a role of TMEFF2 in vivo in
WAT to block the anti-adipogenic effects of endogenous PDGF
and facilitate the differentiation and/or maintenance of adipocytes.
Future studies are needed to test this idea.

Previous literatures suggested the potential roles of TMEFF2 as
a tumor suppressor [2,9–17]. We did not observe any tumors in
Tmeff2-KO mice, or in aged heterozygous mice, although we only
examined limited number of heterozygous mice. Taken together,
TMEFF2 is required for animal survival. While our study did not
find any strong evidence supporting TMEFF2 as a tumor suppres-
sor, the Tmeff2PLAP/PLAP mouse line that we generated is an useful
tool for further studying the in vivo biological functions of TMEFF2.
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